Abstract: Proactive and nondisruptive channel probing is investigated for the measurement of channel power, amplifier channel gain, and optical signal-to-noise ratio (OSNR) without disrupting established wavelength-division multiplexed channels. Using a nondisruptive probe signal over a three-span link, wavelength switching-induced power excursions are predicted to be within ±0.2 dB, and OSNR as high as 20 dB is accurately measured with a maximum of 0.5 dB error.
Introduction
High capacity connections between geographically-distributed data centers are experiencing near-exponential growth due to applications such as cloud computing, and as a result, the global inter-data center network or data center interconnection (DCI) network capacity requirements are expected to grow threefold in the next four years [1] . Moreover, the advancement of the Internet of things (IoT) continues to drive the growth of bursty and long-distance traffic between cloud data centers. Industry reports provide examples of inter-data center traffic that is bursty, with the amount of data transferred ranging from several petabytes to terabytes for backup and replication applications [2] . Traditional wavelength-division multiplexing (WDM) networks serve as 'fat pipes' provisioned for peak traffic requirements. In cases of bursty inter-data center traffic, these 'fat pipes' are underutilized most of the time, and a majority of the allocated resources are wasted, leading to a network inefficiency. Dynamic WDM networks, for which wavelength channels can be provisioned in response to changing traffic patterns with different bandwidth requirements or time durations, are under investigation as a promising approach to address this situation [3] .
From a physical layer point of view, the optical power dynamics that arise during wavelength switching in optically amplified systems remain an unresolved obstacle. The power transient effect in optical amplifiers due to a fiber cut has been well addressed by automatic gain control (AGC) techniques [4] . However, other examples of power dynamics, e.g., power excursions, arise when wavelength channels are switched and routed in real time through an optical transmission system. These power excursions grow in cascade along an optical path and lead to persistent power changes, even under perfect AGC operation. These power excursions remain until the relatively slow adjustments of the wavelength selective switches (WSSs) and variable optical attenuators (VOAs) correct individual channel power levels. The per-channel power tuning of the WSSs requires channel monitor feedback with each adjustment and can take minutes to fully correct excursions along an optical path.
Power excursions are primarily due to wavelength dependent gain in optical amplifiers. Other wavelength dependent losses and nonlinear propagation effects can also impact the power excursions. Many of these effects are channel power dependent and thereby couple power changes on the channels to each other. As a result, power changes on one channel can cause power excursions on other channels. Ensuring that the switching or reconfiguration of a wavelength does not impact other channels in a system becomes difficult to achieve in the dynamic network environment. It is common to allocate a few dB margins for various physical layer impairments at the network planning phase for commercial coherent transmission systems. Deviations from target power levels in optical networks which are on top of other allowances for power differences, can cause channels to exceed allocated margins for transmission. Previous work has shown that power excursions can grow in cascade to more than 6 dB [5] . As a result, the power excursion can potentially result in sustained errors as the control mechanisms respond over long time periods and also may interact with other power control mechanisms resulting in network instability. Wavelength dependent degradation of the optical signal-to-noise ratio (OSNR) is also caused by the EDFA gain and noise figure profile and varying fiber plant characteristics [7] . Without prior knowledge of the OSNR and gain characteristics of a link, provisioning new channels relies on average or expected information. Variations of expected parameters can be compensated by the same time consuming individual channel power tuning described above. The total tuning time is minutes per wavelength, which was recently reported in commercial field trials [8] .
OSNR and other quality of transmission (QoT) related monitoring methods have been used to measure the signal quality of a provisioned channel. However, these methods provide after-the-fact information for channel provisioning and cannot be used in the wavelength routing and assignment decisions that come before switching [9] . Prior considerations of channel probing have used a provisioned probe channel to obtain link information [10] , which itself can disrupt other channels due to power excursions and potentially require significant tuning to establish a stable probe signal on an optical channel.
In this paper, we investigate a novel fast channel probing approach that ensures minimal disruption to other channels while examining the path prior to wavelength reconfiguration or provisioning. OSNR monitoring and power excursion estimation from the probing measurements is used to identify channels suitable for fast wavelength reconfiguration. Probing has been analyzed in optical networks for fault diagnosis and lightpath performance estimation [11] , [12] . This work reports a proactive probing approach, which estimates the in-band OSNR and gain information both rapidly and non-disruptively. Furthermore, this probe information is used to accurately predict the power excursions that will arise from wavelength switching or other rapid provisioning actions taken on the probed channel. A tunable laser source is used to generate a probe signal that is turned on for a duration shorter than an amplifier's response time. This probe signal can estimate channel performance either in a fixed-grid network or spectrum bands in a flex-grid network. The Measurements of signal gain and in-band OSNR are carried out within this probe pulse duration without disrupting other channels in the network. The measured gain values are fed to a mathematical model in a control plane to estimate the power excursions on other channels. The control plane uses this information for wavelength (or spectrum) routing and assignment decisions. The accuracy of probing to estimate the channel performance is evaluated by assigning channels based on a power excursion threshold and an acceptable OSNR. In this way, wavelength channels can be reliably provisioned or switched at high speed without generating significant power dynamics, guaranteeing the totrequired transmission performance.
Principals of Fast Channel Probing
In an optical transmission system, channel power needs to be maintained within a certain range for achieving acceptable physical layer performance. Positive power excursions beyond a predefined threshold can cause high nonlinear transmission impairments both to the channel in question and to other channels sharing the same spans. On the other hand, negative power excursions can result in excessive OSNR degradation. An example of an optical amplifier induced power excursion is shown in Fig. 1 , which illustrates a channel provisioning scenario. Fig. 1(a) shows that a channel at wavelength λ s is occupied by a previously provisioned channel, with the solid red arrow indicating its gain (equal to the target mean gain) for the amplifier. A new channel at wavelength λ n with the same input power is added, but it experiences a lower gain compared to λ s as shown in Fig. 1(b) . In this case, the EDFA input power monitor would record a doubling of the input power but the total output power is less than double (thus violating the AGC's constant mean gain criterion). AGC will hence increase the gain of both channels by G to reach the constant mean gain condition and as a result, both λ s and λ n experience a positive power excursion corresponding to the change in the amplifier gain required to maintain the constant total channel power gain, i.e., P = G. Note that the power excursions described above can grow along a cascade of amplifiers [4] .
EDFA AGC has a response time on the order of tens of microseconds [13] . If a probing pulse duration is much shorter than an amplifier's response time, the amplifier is unable to follow the instantaneous changes in the loading conditions and no power excursions occur. Therefore, a short-duration pulse can probe EDFA gain characteristics without causing power excursions. To estimate the amount of power excursion on a given channel due to wavelength switching, we use the following equation that models power excursions in a constant-gain-controlled EDFA [14] .
In (1), P i,k and P o,k denote input power and output power for channel k, respectively. G T is the target mean gain of the amplifier and g k is the wavelength-dependent gain ripple and tilt for channel k. N is the number of lit wavelengths. Note that we ignore the impact of amplified spontaneous emission (ASE) noise and additional tilt due to wavelength switching operations. However, the out of band ASE noise can be removed by reconfigurable optical add-drop multiplexer (ROADM) filtering, and therefore is negligible compared with the signal power. Moreover, since minimal power excursion can be achieved using the fast probing scheme, the power excursion induced tilt change is neglected [15] . The input and output power, and therefore the cumulative gain ripple for lit channels can be measured using conventional optical channel monitors (OCM) found in a ROADM node, and the gain ripple for the wavelength under test can be measured using the probe signal power. The power for the lit channels is calculated using (1) to determine the channel power excursions that would occur if a channel is added at the wavelength under test. This approach can be applied to any fiber segment between two ROADM nodes.
Experimental Setup and Results
The diagram of the experimental setup is depicted in Fig. 2 . A full C-band tunable laser connected to a 2×1 nanosecond electro-optic switch is used as a probing source. This probing source and 96 continuous-wave (CW) WDM channels of 50 GHz bandwidth spacing are sent to a WSS to create different channel loadings and determine the set of lit channels that can exist throughout the network. The WSS has a built-in OCM port that is used to level and set each channel's power into the first EDFA at -10 dBm. Three 20 km standard single mode fiber (SSMF) spans are implemented between four EDFAs with 13 dB target mean gain. The EDFAs are configured with a maximum peak to peak gain ripple of 3 dB. The probe channel at both the input and the output of the span is selected using two WSSs (labelled with WSS A and WSS B), representative of probing drop points located at each node. The probed values are then applied to two PIN photodetectors (connected to an oscilloscope) to read optical powers. In order to translate the two probe readings into a gain value for estimating power excursions, we calibrated the readings by scanning over the spectrum with the tunable laser and used an optical spectrum analyzer (OSA) to measure the gains as a reference. A linear relationship with 0.4 dB accuracy between the OSA gain readings and the difference of two photodetectors' readings was measured to calibrate our measurements on the oscilloscope.
A probing pulse will not disrupt other lit channels in the network, provided that its duration is shorter than the amplifier response time. The response time of commercial EDFAs used in the experiment is on the order of tens of microseconds. Fig. 3(a) illustrates the EDFA induced channel power excursion captured by the oscilloscope at the probing drop point with different probing pulse durations, for both the probing signal and one of the lit channels. No power excursion occurs when a 5-μs probing pulse is used due to the probing signal's duration being much shorter than the EDFA response time. Note that there is a slight overshoot and undershoot for the 5-μs probing case which is due to ringing on the electro-optic switch in our experiment, but no EDFA dynamic response is observed. For a 100-μs pulse, power excursion up to 1 dB occurs over the pulse because the pulse duration is longer than the AGC response time. In the following experiments, we use 5-μs probing signals to perform measurements of channel gain and OSNR. The probing signal's OSNR is calculated from measurements of the channel power when the probe pulse is absent (noise in Fig. 3(a) ) compared with the probe pulse power (noise+signal in Fig. 3(a) ). The OSA is used for obtaining OSNR reference values.
We implement a control plane to predict the channel power excursion and OSNR, and provision an optimal channel based on the probing method as depicted in Fig. 3(b) . First, the powers and gains for lit channels are measured by the OSA and stored in the control plane for power excursion estimation. Secondly, the control plane tunes the tunable laser and the WSSs to a desired probing wavelength. The control plane then actuates the nanosecond electro-optic switch to generate a 5-us probing for the power excursion and OSNR prediction. If the channel satisfies a pre-defined power excursion and OSNR requirement, it will be stored as a channel candidate. The depicted probing process is continuously carried out to determine the gains and OSNR for all unoccupied channels. Finally, if there are channels that satisfy the excursion and OSNR requirement, a wavelength with minimal power excursion estimate will be selected and switched on. Fig. 4(a) shows the relationship between the OSNR measured on the photodetector and the OSA for a lit channel at 1550.72 nm. The OSNR is changed by manually injecting ASE noise. The relationship is linear up to 20 dB, with an accuracy of 0.5 dB. Note that the accuracy decreases at high OSNR levels due to the noise of photodetectors. However, the accurate OSNR measurement is more important for low OSNR values because the signal QoT is marginal at low OSNR levels. Fig. 4(b) illustrates the gain spectrum measured by the probe for the unoccupied channels on a 50 GHz fixed grid. The probed gain spectrum is then used to estimate the power excursion. Fig. 5(a) compares the probe-based power excursion estimate with the actual power excursion measurement of four lit channels at 1550.72 nm, 1552.34 nm, 1553.96 nm, and 1555.58 nm. The gains for these four channels are 12.6 dB, 12.8 dB, 13.0 dB, and 13.5 dB, respectively. The OSNR threshold is set to be 18 dB with a power excursion threshold of ±0.3 dB (corresponding to ±0.1 dB OSNR variation). This excursion margin would be taken on top of other power divergence margins and therefore should be small, the value chosen here is used for illustrative purposes. In practice the margin should depend on the specifics of the system design. The calculated excursions fall within the variation observed across the different channels. Based on the probing curves in Fig. 5(a) , the channel at 1545.92 nm is selected with a calculated minimal excursion of 0.002 dB. The actual power excursions of the four lit channels are measured after turning on the channel at 1545.92 nm to be 0.0 dB, 0.1 dB, 0.1 dB, and 0.1 dB, respectively. Since the mathematical model in (1) does not include a noise and signal tilt estimate and therefore, it estimates the same power excursion values for all lit channels. In the experiment, different power excursions are measured for different channels. In comparison to our probe-based wavelength assignment strategy, a first-fit wavelength assignment algorithm leads to a significantly larger power excursion of 0.8 dB.
This probing scheme is also shown to work for different channel configurations. In further experiments, the control plane randomly sets up four random channel configurations. For each configuration, the potential connection is probed as described above. A new connection is set up on an unoccupied wavelength with minimal power excursion penalty based on the algorithm in Fig. 3(b) . The measured excursions are 0.2 dB, 0.18 dB, 0.05 dB, and 0.07 dB, respectively. Excursions are also measured when wavelengths are switched on using the first-fit algorithm, and power excursions are 1.1 dB, 0.9 dB, 0.6 dB, and 0.5 dB, respectively.
Additional measurements over multiple node hops and a wider range of channel configurations will be needed to fully characterize the performance of such estimations for larger systems. However, the accuracies achieved over this four-amplifier node to node system provides an initial proof of concept. Note that in a multi-node, meshed-network scenario, the probing can be carried out between any two neighboring nodes to take the cascading effect into account, which will be investigated in future work.
Conclusion
The performance of a non-disruptive, proactive channel probing method was measured for a threespan node to node WDM link. The estimation of the channel power excursions on provisioned channels was determined to 0.2 dB accuracy in five different configurations. Probing based channel wavelength assignment and provisioning on the link achieved excursions less than 0.2 dB compared with first fit wavelength assignment excursions of up to 1.1 dB. OSNR estimates using probing matched provisioned OSNR from 8 dB to 20 dB with an accuracy of 0.5 dB.
